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THE ELECTROSTATIC EFFECT AND THE 
HEAT TRANSMISSION OF A TUBE
ABSTRACT
The purpose of this investigation was to determine the effects of 
electrostatic fields on the heat transmission of the gas-side films of 
a single-tube heat exchanger. The water in the tube flowed counter­
current to the air flowing around the tube. The average Reynolds 
number for the air varied from 7000 to 22,000 while that for the 
water varied from 4000 to 8000, The voltage of the electrostatic 
field varied from 15,000 to 30,000 volts per cm. An increase in heat 
transmission was noted at certain electrical field conditions.
NOMENCLATURE
A Area, square feet
e Specific heat, B tu /L b ./°F
c* Specific heat, B tu /s lu g /°F , gc
c'„ Specific heat, B tu /s lug /°F , g'c
Cp Specific heat a t constant pressure, B tu /L b ./°F
I) Diameter, feet
g Acceleration of gravity, 32.2 F t./sec.2
g' Acceleration of gravity, 4.18x10s F t./h r .2
G W eight ra te  of flow/frontal area, L b ./sec ./ft.2
G' W eight rate of flow/frontal area, L b ./h r ./f t .2
h Film coefficient, B tu /f t .2, hr., °F
H H eat rate, B tu/min.
k Conductivity, B tu /f t.2, hr., ° F /f t .
L Length, feet
q Mass density, slugs/ft.3
P  Pressure, units specified where used
Q Quantity of flow, f t .3/m in.
R Gas constant, f t . / ° F
t  Temperature, °F
T Temperature (absolute), °B
H Absolute viscosity, Lb.-sec./ft.2
n' Absolute viscosity, L b .-h r./ft.2, n/3600
U Velocity, f t ./s e c .; Overall coefficient, B tu /f t.2, hr., °F
w U nit weight, L b s ./f t.3
W W eight rate of flow, Lb./m in.
Be Reynolds number 
Nu Nussett number
P r P randtl number
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OBJECT AND SCOPE OF INVESTIGATION
In 1844 Pecelot1 introduced the idea of a fluid film in connection 
with experiments on water. Later others verified the existence of 
such films in the case of gases as well as liquids. Langmuir2 in 1912 
made studies on the thickness of films of gas on plane and cylindrical 
surfaces. Other investigators3 in heat transmission phenomena have 
shown that approximately ninety per cent of the temperature gradi­
ent between the fluids in heat exchanging equipment may be across 
the films of the two media adhering to the common separating wall.
The object of this investigation was to study the effects of an 
electrostatic field on the gas-side film, and on the heat transmission 
of a tube by an evaluation of the film coefficients of an air-to-water, 
counter-current, single-tube, heat exchanger.
The range of Reynolds number for the air was from 7000 to 22,000 
and for the water from 4000 to 8000. The range of voltages em­
ployed for the electrostatic field ranged from 15,000 volts/cm to the 
breakdown potential of the air (30,000 volts/cm .). Alternating 
current and positive and negative direct current fields were used.
ELEM ENTARY THEORY
Assume a tube wall as illustrated in Fig. 1 through which heat 
is flowing from a gas at a temperature tx to a liquid at a temperature 
t4. Let the two wall temperatures be t3 and t2 as illustrated. Then,
tj >  t2 >  t3 >  t4
The resistance to heat flow may be divided into three parts, name­
ly, that due to
a. the gas film
b. the tube wall
c. the liquid film
The heat transferred through each of these under any given set 
of constant heat flow conditions is
H rrrh g C tj —  t 2)A  (1)
H  =  kw ( t2 —  V - ^ / x  (2 )
H  =  hL(t3 - t 4)A (3) 
Rearranging and solving for the temperature differences
(t^ tg) — H /A hg (4)
(tg — 13) =  H x /A k ^  (5)
(t3 — 14) =  H/A hLW (6)
The individual coefficients may be lumped into one overall co­
efficient U and a single equation written for the heat flow as follows
H = U ( t 1 - t 4 )A  (7)
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DISTANCE 
F l f l l lR F  1
TEMPERATURE GRADIENTS THROUGH A TU B E WALL
Fig. 1. Temperature Gradients Through a Tube W all
It is possible to express U  in terms of the individual coefficients 
by adding (4 ), (5) and (6),
(t]L — t4) =  ( l /h g  +  x /k w +  l / h L )H /A  (8)
and substituting in (7)
l /U  =  l / h g +  x /k w +  l / h j  (9)
From this equation the effect of each component of resistance to 
heat flow on the total resistance can be ascertained. Consider the 
following numerical example to obtain the relative significance of 
each.
Assume a bank of brass tubes of wall thickness .005 foot over 
which air is flowing crosswise under conditions of forced convection 
and through which water is flowing also under forced convection. 
The approximate film coefficients are4
A ir ................................................ 5
W ater..............................................200
The conductivity of the brass tube wall is approximately 505 making 
kw/x  equal to 10,000.
The reciprocal of the overall coefficient or the total resistivity  
then is
l / U  =  1/5 +  1/10,000 +  1/200 
l /U  =  0.2 +  0.0001 +  .005
GAS W ALL LIQUID
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from which it is seen that the resistivity of the tube wall is neg­
ligible, that of the water film about 2.5 per cent while the remain­
ing 97.5 per cent .is attributed to the gas film.
EM PIRICAL RELATIONS FOR COMPUTING FILM  
C O EFFICIENTS
Various equations have been developed by dimensional analysis 
and experimental determination of constants for computing the 
values of h. Among these for the turbulent flow of liquids and 
gases on the inside of tubes under conditions of forced convection 
are those of Still6 
For heating
hD /k =  0.0331 (DU q/ h) 0.8 (c'* n '/k )°-4 (D /L ) 0.05 (10)
hD /k =  2.94x10-6 (D G '/n) 0.8 ( c '^ ' / k )  0.4 (D /L ) 0.05 ( l i )
For cooling
hD /k =  0.03181 (DUq/|j,) O ^ c '^ ' / k ) 0,4 (D /L ) 0.05 (12)
h D A  =  2.83x10-6 (D G '/n ) 0.8 (c '*n '/k ) 0.4 (D /L ) 0.05 (13)
P
FIGURE 2
RELATIONS BETWEEN Re AND N U /P r0"  FOR TURBULENT 
FLOW OF LIQUIDS AND GASES INSIDE TUBES.
Fig. 2. Relations Between Re and NU/PrO-* for Tur­
bulent Plow of Liquids and Gases Inside 
Tubes
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These equations are plotted in Fig. 27
The physical properties of the fluids in Prandtl’s number (c'» 
jx'/k) and in N usselt’s number (hD /k) are taken at the temperature 
of the tube wall. In the Reynolds number (D U q/ u, D G '/u) li should 
be taken at the mean temperature of the wall and the fluid stream.
For a given apparatus and set of operating conditions there are 
two factors which affect the value of h. These a re : First, the phys­
ical properties of the fluid; and second, the mechanism by which 
the fluid film is bound to the solid surface. The first of these can 
be visualized more clearly by considering a reduced form of the 
above equations.
h =  K(k0.6W0.8e0.4/M,0.4)
This equation is not strictly true because two values of 11 have 
been combined which are taken at two different temperatures. In 
general however h w ill vary inversely with u.
Several attempts have been made to change the value of u for 
certain fluids by means of electrostatic fields. Quincke8 found small 
increases in the viscosity of ether in fields of 2000 volts per centi­
meter. Ray9 in an investigation of the viscosity of air in fields of 
18,000 volts per centimeter found no change greater than 0.3%.
THE NATURE OF FLU ID  FILM S
A ll of the above equations for film coefficients have been developed 
because of the need for a tool with which to design heat transfer 
equipment without an understanding of the basic underlying prin­
ciples of film formation. It is known that clean solid surfaces ab­
sorb, with the evolution of heat, molecules of fluids with which they 
come in contact. The exact nature of the binding forces and the 
thickness of the adsorbed layer is as yet a matter of conjecture. A  
number of theories have been put forth and are undergoing changes 
from year to year to keep pace with the new advances in atomic 
physics and adsorption phenomena. A fter adsorption equilibrium  
has been reached there is obviously no more attraction between the 
solid and the free molecules of the fluid. There still remains how­
ever the natural forces of attraction between these molecules and 
the absorbed layer. Viscosity is a measure of the force required to 
shear these natural forces of attraction.
Perhaps the best theory of adsorption today is Langm uir’s10 
monomolecular theory. B y  calculation he was able to obtain the 
range of force of an atom. The work required to separate two like
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atoms and infinite distance is equal to the latent heat of vaporiza­
tion. Knowing the attraction force between the atoms he was able 
to compute the effective range of this force by equating the product 
of it times the distance to the latent heat of vaporization. He found  
the distance to be less than an atomic diameter. Today this is the 
usually accepted effective range of atomic forces emanating from 
a solid surface.
Assuming then that an atom exerted forces in all directions, Lang- 
muir deduced that in a crystal structure there must be unbalanced 
forces, at the surface capable of attracting and binding a layer of 
atoms on the surface. This layer could only be one molecule thick 
due to the limited range of force at the surface.
A number of theories regarding the forces of adsorption have 
been put forth. Magnus11 proposed a theory based solely on the 
forces of electrostatic attraction but it does not consider all the 
possible forces as does the more general theory of Polanyi12 who 
classifies them under three heads, namely, (1) electrostatic forces, 
(2) forces involving valency, and (3) Van der W aals’ (or ‘dis­
persion’) forces.
According to the theory of Polanyi, electrostatic forces only be­
come considerable if  the adsorbent is composed of ions. These are 
the ordinary Coulomb forces of electrical attraction between the 
ions making up the adsorbent, and those on the adsorbed particle. 
The adsorbed particle may either be an ion or a heteropolar mole­
cule. A  heteropolar molecule is one that can be regarded as having 
a resultant positive and resultant negative charge which are either 
permanently separated ( ‘permanent dipole’) or are capable of be­
coming so under the influence of an electric field (‘induced dipole’). 
The force acting on such a molecule w ill be less than that on an 
ion, because the two opposite charges of the former tend to cancel 
each other to some extent. In the case of adsorption on metals the 
mirror forces as used by Magnus in his theory come into play. 
Polanyi bases his conclusions on calculations of the potential at­
tained by a particle in the field of a crystal and by comparing this 
with the heat of adsorption of the particle which has been de­
termined experimentally. In general he finds the potentials in­
significant as compared with the heats of adsorption. In the case 
of metals the calculated value is considerably higher than the 
average.
He explains the attraction due to valence forces as fo llow s: ‘ ‘ Con­
trary to the assumption (which was formerly implicitly made in
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general), a free valence exerts no attraction on a molecule, but 
rather a repulsion. This repulsion can be overcome if  a strong 
collision or a force of another kind presses the two constituents 
close to one another. In this case a chemical change takes place 
through which generally a part of the reacting molecule is split off 
in the sense
A—  + B C  =  A B +  C— (14)
Only when BC contains a double bond, or when a higher valence 
state is latent in it, can a union take place by the formation or a 
free radicle in the sense
A— +B C  =  ABC— (15)
Thus, if  the surface of a solid body contains an atom out of which 
extends a free valence, this point of the surface exerts no attraction. 
A gas molecule can, however, after passing over a more or less high 
potential barrier, enter into a reaction with it, either, decomposing 
according to Eq. 14, or forming with it according to Bq. 15 a com­
plex which has a free valence, a “ surface radical.”  The latter can 
be considered as an adsorption belonging to the type which is ac­
companied by a heat of activation.
Gregg gives the following explanation for applying the name of 
van der Waals to the forces of ‘physical’ adsorption: “ Since most 
adsorption measurements are concerned with the range where the 
heat of adsorption is of the same order as the latent heat of con­
densation, and where therefore the forces involved would appear 
to be of the same nature as those which bring about condensation 
of a saturated vapor, such adsorption is therefore referred to van 
der W aals.”
Polanyi makes the following statements regarding these forces: 
‘ ‘ This force arises from the fact that two particles attract each other 
when both of them experience a polarization in the same direction. 
The nature of the adsorption, which is governed by the ‘dispersion’ 
force, and which is exerted by a solid adsorbent on a gas molecule 
make it appear that the molecules which are in the adsorbed state 
exert approximately the same force on one another as they do when 
they are free.”
The theories thus far developed are not wholly satisfactory due 
to the absence of experimental work to back them up. Thus it was 
the purpose of this investigation to determine qualitatively, at least, 
the effect of an electrostatic field on the adsorbed layer which is 
the foundation of surface films. I f  part of the forces of adsorption 
are due to an electrostatic attraction between the surface and the
http://ir.uiowa.edu/uisie/25
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gas molecules then it should be expected that a counter electrostatic 
force should release some of the bound molecules allowing fresh 
ones at a higher temperature to contact the surface directly thus- 
wise increasing the value of the film coefficient.
The disturbance of the surface film under the influence of an 
electric field may of course be “ mechanical”  in nature due to an 
"eruption” of the gas layer when a corona is formed. At, or near 
to, the “ breakdown” voltage, it is therefore difficult to determine 
whether the change in film condition is caused by the “ electrical”  
effects, the “ mechanical”  effects, or a combination of the two.
E X PER IM EN TA L EQUIPM ENT
An assembly drawing of the heat exchanger is shown in Fig. 3. 
This drawing is complete in every detail for the alternating current 
runs except for the fact that the inlet and outlet air conduit pipes 
were lagged with magnesia lagging from the heating coil to the 
exchanger entrance and from the exchanger outlet to the outlet 
beyond the orifice. A  photograph of the experimental apparatus 
is shown in Fig. 4.
The volume of air supplied was measured by a calibrated orifice. 
A  gas-fired heater was used to heat the incoming air. The water 
supplied was measured by weighing. Calibrated thermocouples of 
No. 28 B  and S copper and constantan wire together with a Leeds 
and Northrup portable potentiometer were used to measure tem­
peratures.
A General Electric, specially built, 20,000 volt, 30 milliampere 
neon tube transformer- was the source of high voltage supply. The
Fig. 4. View of A pparatus
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output voltage was controlled by means of a resistance potential 
divider in the 115 volt primary winding made from a field rheostat 
rated at 64 ohms and 6 amperes.
In the first group of runs the raw alternating current output of 
the transformer was supplied to the exchanger as shown in the 
assembly drawing. For the second and third groups of runs the 
voltage doubling rectifier circuit of Fig. 5 was used to impress a 
direct current voltage across the gap instead of an alternating 
current voltage. The essential difference between the two groups of 
runs was the reversal of polarity. Circuit A was used to supply
CIRCUIT DIAGRAM VARIABLE HIGH VOLTAGE DIRECT 
CURRENT, GROUNDED POSITIVE TERMINAL
Fig. 5. Circuit Diagram Variable High Voltage Direct 
Current, Grounded Positive Terminal
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a negative charge to the aluminum foil and circuit B was used to 
supply a positive charge to the foil.
The condensers were designed for a peak voltage of 28,280 volts 
with a one per cent ripple in the absence of corona. Actually how­
ever it was possible to run them to the fu ll 56,560 volt theoretical 
peak without breakdown but with the formation of consider­
able corona. The insulation resistance across the exchanger was 
measured with a megger and found to be a minimum of 400 
megohms. The design calculations for the condensers are as fo llow s:
Peak voltage ............................................... 28,280 volts
Allowable ripple ___________ _________ 1.0%
Allowable r ip p le__ ____ _____________282.8 volts
Insulation resistance ________________ 400 megohms
Leakage current—.282/400 ___________ 70.7 micro amps.
Frequency of supply .... .......... ............... .60 c/s.
Leakage interval ..... ........................... .....1/120 second
Leakage charge....70.7/120 ...... ..............  0.589 micro coul.
Capacity.. .0.589/282.8 ......... .'.................... 0.002 uF
Safety factor _ __ ____ ___ __"................ 2
F inal condenser capacity ........................ 0.004 uF
E X PER IM EN TA L METHODS
The experiments may be classed under three general heads with 
respect to the type of electrostatic field applied, namely,
1. 60 cycle alternating current
2. Positive direct current
3. Negative direct current
In general the water velocities were held constant and a set of three 
air velocities were used that covered the range of the experimental 
equipment. These were approximately as fo llow s:
1. Low ............................................. 20 feet per second
2. M edium ..... ................................. 35 feet per second
3. H igh ...................... ................ . 50 feet per second
For each air velocity and each type of applied voltage, two runs 
were made, the first one will be called the “ in itia l”  run and the 
second the “ check” run. The check run numbers have been primed.
Each initial and each check run were divided into two parts, 
namely,
A. No field applied
B. Field applied.
In the initial runs the sequence of these latter two divisions was 
AB. In the check runs the sequence was reversed and the runs made
http://ir.uiowa.edu/uisie/25
in the order BA. This was done to counteract any effects of in ­
sufficient warming up.
The data listed in table No. 3 were taken for each run.
Item
No. Symbol
TABLE 3 
Symbols for Computations
D escription U nits
1 AP Air orifice pressure drop "H 20
2 ? ! Pressure before the orifice "h 2°
3 P 2 Exchanger Outlet Pressure "H 20
4 P 3 Exchanger inlet pressure "H 205
*al In let a ir temp. (5 rdgs.) Millivolts
6
*a2 Outlet a ir temp. (5 rdgs.) Millivolts7
^wl In le t water temperature Millivolts8 %v2 Outlet water temperature Millivolts9
*81 Surface temp, a t air outlet Millivolts10 Surface temp, a t a ir inlet Millivolts
11 w3 W eight of water (5 Minutes) Pounds
12 < Prim ary H.V. transf. voltage Volts
13 t R Room temperature Deg. P.
14 PA Barometer "H g
15 Type of applied voltage
On the average it required about one hour for the air temperature 
to rise to the desired value at which time the gas supply was 
throttled and adjustments made until constant air temperature was 
obtained at the desired air velocity. The low velocity run was al­
ways made first followed by the intermediate and then the high. 
This was done in order to minimize the time required for the warm­
ing up period and in turn to save gas.
During the warming up period the water velocity was checked 
by weighing the amount flowing over one or two five minute inter­
vals. I f  any adjustments in flow were necessary they were then 
made and the drop across the orifice noted for future reference in 
holding the flow constant during the run.
After the temperatures and the fluid velocities were set at the 
desired values a further warming up period of from fifteen to 
thirty minutes was allowed before readings were begun. After  
this the readings were started and the sequence followed as listed 
in table 3.
It required approximately ten minutes to go through the whole 
routine of a set of readings. In some of the first runs readings were 
taken for a whole hour before the second part of the run (voltage
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switched on or off depending on whether the run was a check or 
an initial run) was begun. In the later runs a more thorough warm­
ing up was given the equipment and this time reduced to a half 
hour.
After the first part of a run was finished the voltage was either 
switched on or off and another period of fifteen to twenty minutes 
was allowed to elapse before starting the second part. This was 
done to allow the equipment to come to equilibrium conditions again 
from any effects that the electrostatic field might have had.
The runs numbered 1, 2, and 3 are for the 60 cycle alternating 
current runs (voltage =  24,650). Those numbered 4x, 5x, and 6x 
are for runs with a positive direct current charge applied to the 
brass tube. The value of the applied voltage (21,550 volts) is about 
half that of breakdown. In 4, 5, and 6 the same polarity is used 
but a potential (40,500 volts) just below the breakdown of the air 
is impressed. Runs 4", 5", and 6" are a double check on the previous 
ones with the same Arabic numerals. In 7, 8, and 9 the polarity  
of the direct current field is reversed and a negative charge applied 
to the brass tube at a voltage (39,600 volts) near the breakdown 
of the air.
METHOD OF ANALYZING RESULTS
From the original data taken in the laboratory sub-analyses were 
made and the summary sheets for each test were compiled.*
After these sub-analyses had been completed final analyses were 
made on the air as shown in Table No. 4 and on the water as shown 
in Table No. 5. These analyses consisted of the evaluation of Rey­
nolds number and the ratio of the Nusselt number to the Prandtl 
number raised to the 0.4 power for each of the fluids.
The average exchanger pressures and temperatures were then
 
determined and the average unit weight in the exchanger computed. 
The air flow was then corrected to conditions in the exchanger. 
From this the velocity of flow, U e, was computed from Qe/A  where 
A is the area of the annular air conduit.
The average surface and air temperatures were then found and 
the mean of these determined. The viscosity of the air was then 
read from Table 6.
A  value of D equal to 4m was used for the diameter in the Rey-
* I t  should be noted th a t in runs 1,2,3,1',2', and 3' the surface temperature 
a t the center of the brass tube was read in addition to the readings a t each 
end. The center couple la ter was removed because it interfered with the 
electrostatic field.
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nolds number where m is the mean hydraulic radius, or the area 
of the conduit divided by the wetted perimeter. The expression 
for Reynolds number then becomes
No. Symbol
Re =  D U g/n =  (1.56/12) (Ue) (w0/32.2) (1 /n )
Re =  (1/247.5) (UgWg/n)
TABLE 4 
Data of Runs 1, 2, 3 
AC Voltage Applied 
1A IB  2A 2B 3A 3B
1 P 24.10 24.19 2.28 2.28 12.50 12.34
2 22.20 22.28 2.08 2.09 11.61 11.42
3 *>2 26.11 26.20 2.47 2.48 13.91 13.68
4 P 3 25.34 25.41 2.49 2.49 13.55 13.30
5
a l 388 387 479 480 483 483
6 t a2 338 337 371 372 406 408
7 73.71 70.00 69.72 70.96 74.61 73.80
8
*w2 81.73 77.90 73.09 74.33 82.23 81.46
9
*81 90.14 87.10 77.45 78.35 90.84 90.05
9' t s2 106.00 105.53 83.35 84.74 105.41 105.41
10 *83 123.87 122.10 95.79 96.46 120.24 120.24
11 Ww 6.06 6.18 11.06 11.11 6.86 6.84
12 E P 0 110 0 90 0 9913
‘r 92 92 91 91 91 91
14 P A 29.06 29.06 29.24 29.24 29.32 29.32
15 Field AO AC AC AC AC AO
No. Symbol 1A
TABLE 5 
Data of Runs 1', 2', 3' 
AC Voltage Applied  
IB  2A 2B 3A 3B
1 P 24.20 24.20 2.30 2.30 12.75 12.63
2
ÌJ
22.12 22.12 2.20 2.20 12.80 12.65
3 27.84 26.92 2.70 2.70 15.30 15.16
4 P 3 25.80 25.80 2.70 2.70 14.80 14.78
5
*al 386 386 484 487 493 492
6 t a2 333 334 375 377 413 413
7 V i 71.97 74.65 70.34 68.80 71.80 72.65
8
*w2 79.57 82.36 73.76 72.03 80.52 81.46
9
*81 88.42 91.06 78.26 77.18 89.04 90.35
9'
*s2 100.08 106.09 84.70 83.30 106.63 107.57
10 S3 122.27 125.59 100.60 99.45 126.82 128.80
11 Ww 6.00 5.86 11.35 11.32 6.62 6.58
12 E P 0 111 0 90.5 0 92
13 tR 82 82 81 81 81 81
14 P A 29.56 29.56 29.40 27.40 29.40 29.40
15 Field AC AC AO AC AC AO
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TABLE 6
Physical Properties of Air  
t (  F ) Cp ( l4 )  ^ xl07(lg ) k (16)
0 0.240 0.0122
20 11 0.01267
40 ì j 3.616 0.01311
60 ì i 3.732 0.01349
80 11 3.842 0.01391
100 t ì 3.954 0.01432
120 ì j 4.064 0.01470
140 ? t 4.170 0.01510
160 0.241 4.278 0.01552
180 11 4.382 0.01587
200 ? t 4.483 0.01628
220 ì t 4.582 0.01662
240 ì t 4.681 0.01698
260 j j 4.778 0.01732
280 11 4.875 0.01773
300 j i 4.970 0.01803
320 0.242 5.064 0.01838
340 j i 5.157 0.01870
360 ì ì 5.248 0.01903
380 > i 5.338 0.01938
400 y i 5.426 0.01973
420 J 7 5.516 0.0200
440 11 5.604 0.02035
460 0.243 5.689 0.02065
480 t j 5.775 0.02100
500 } ì 5.860 0.02130
520 ) ì 5.943 0.02160
After the determination of Re the film coefficient was determined. 
The amount of heat transferred was determined from the weight 
rate of flow of the water and the corresponding temperature rise. 
The rate of heat flow in B tu per minute was termed the “ heat rate” 
and symbolized by H.
The arithmetic mean temperature difference between the tube and 
the air was determined from the inlet and outlet air temperatures 
and the surface temperature readings on the brass tube at the two 
points. It was permissable to use the arithmetic mean because of 
the small difference between the two differential temperatures be­
tween the fluid and the wall at the inlet and outlet.
The effective area of the film as shown by the assembly i s : A  —  
34x0.75 /144 =  0.557 sq. ft. The expression for ha then becomes: 
ha =  Hx60/AM TD X  °-557 =  107.9 X  H /AM TD.
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The conductivity* of the air was then read from Table No. 6 
and N usselt’s number computed from
hD /k =  0.0625haA
where D is the diameter of the film or the outside diameter of the 
brass tube which is 0.75" or 0.0625 feet.
The specific heat at constant pressure and the absolute viscosity 
and the average tube wall temperature were then read from Table 
6 and Prandtl’s number as in equation (12) was computed.
P r =  c '.n 'A  =  (4.18x108/3600) (cpM/k )
P r =  1.162xl05CpnA
The Prandtl number was then raised to the 0.4 power and the 
Nusselt number divided by the result which gave the value of the 
ordinate for plotting against the Reynolds number.
The average water temperature and the average tube wall tem­
peratures were then found. The mean of these was then determined 
and referred to Table 7 for the value of the absolute viscosity. Rey­
nolds number was then computed from
Re =  (0.625/12) (U) (62.4/32.2) (1 /^ )
Re =  0.1008U/n
The log mean temperature difference between the wall and the 
water was then determined from the surface temperatures at the 
inlet and outlet and the inlet and outlet water temperatures. The 
heat rate was the same as for the air film coefficient. The water 
film was then found from
hw =  H  x 144x60/LMTD x 34x x0.75 
hw =  129.5H/LMTD
The conductivity of the water at the average wall temperature 
was then found from Table 7 and the Nusselt number computed 
as follows
Nu =  hwD /k  =  (hwA )  (0.625/12) 0.0521hwA  
The specific heat and viscosity at the average wall temperature 
were then read from Table 7 and the Prandtl number calculated 
from the same expression as that used for the air, viz.,
P r =  1.162c n A
Prandtl’s number was then raised to the 0.4 power and the ratio 
of N u /P r0-4 computed for plotting.
Sample air film calculations are illustrated in Table 8, and sample 
water film calculations are illustrated in Table 9. A summary of 
the final results has been compiled in Table 10 and Table 11.
* A t the average tube wall temperature.
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t ( ° F )
32
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
212
TABLE 7 
Physical Properties of Water 
c (17) W(18) *ix l0 5 a 9 'l  k (20)
1.0093 62.42 3.746 0.320
1.0048 62.42 3.228 0.324
1.0015 62.42 2.736 0.330
0.9995 62.38 2.356 0.335
0.9982 62.31 2.050 0.341
0.9975 62.23 1.800 0.346
0.9971 62.11 1.594 0.352
0.9970 62.00 1.424 0.357
0.9971 61.88 1.284 0.362
0.9974 61.73 1.168 0.367
0.9978 61.54 1.068 0.372
0.9984 61.39 0.9814 0.378
0.9990 61.20 0.9052 0.383
0.9998 61.01 0.8375 0.389
1.0007 60.79 0.7778 0.394
1.0017 60.61 0.7254 0.399
1.0028 60.39 0.6784 0.404
1.0039 60.13 0.6370 0.410
1.0052 59.92 0.6000 0.416
1.0055 59.88 0.5929 0.417
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TABLE 10
A ir Film  Summary
A  Runs B Runs
Field Off Field On
Secondary
Re Nu/Pr0.4 Re Nu/Pr0.4 Voltage
1 22,200 94.8 22,200 94.5 27,100 AC
2 6,770 56.6 6,770 56.4 22,150 AC
3 15,050 76.7 14,920 77.0 24,350 AC
1' 22,600 90.0 22,450 90.0 25,350 AC
2' 6,800 58.5 6,760 54.8 22,250 AC
3' 15,120 83.0 15,030 84.0 22,600 AC
4X 6,870 51.9 6,870 54.6 23,600 DC
5X 12,050 64.0 12,000 66.2 23,600 DC
6X 20,700 93.2 20,950 101.0 17,210 DU
4'X 6,880 52.2 6,850 60.2 23,600 DC
5'X 11,940 67.8 11,980 70.7 23,600 DC
6'X 20,500 103.3 20,500 105.8 23,600 DC
4 7,000 55.0 7,000 51.0 41,000 DC
5 12,000 62.8 12,000 67.8 40,800 DC
6 19,900 93.2 19,900 91.2 39,300 DC
4' 7,050 55.5 7,040 56.2 40,800 DC
5' 12,050 69.6 12,080 74.3 34,500 DC
6' 19,850 88.8 19,920 90.4 40,800 DC
4" 6,820 48.2 6,820 48.2 39,800 DC
5" 12,130 67.0 12,130 69.6 40,100 DC
6" 20,000 94.9 19,970 95.2 38,800 DC
7 7,300 52.4 7,290 55.7 -*43,500 DC
8 12,150 69.8 12,150 72.2 -38 ,600  DC
9 19,900 76.9 19,900 81.3 -44 ,200  DC
T 7,360 42.5 7,360 42.5 -39 ,800  DC
8' 12,150 54.3 12,100 56.5 -38 ,800  DC
9' 20,000 74.2 19,970 75.5 -37 ,800  DC
• TABLE 11
Water Film  Summary
A Runs B Runs
No. Re Nu/Pr0.4 Re Nu/Pr0.4
1 4,920 18.63 4,860 17.80
2 7,590 26.1 7,75.0 27.1
3 5,550 21.2 5,500 21.0
1' 4,730 17.25 4,770 17.19
2' 7,930 24.5 7,800 22.10
* The negative sign here indicates th a t a negative charge was applied to the 
brass tube. In  all the other cases a positive charge is applied to the tube 
with the exception of the AC runs.
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t a b l e  11 (Continued)
Water Film  Summary 
A Runs B Runs
No. Re Nu/Pr0.4 Re N u/Pr0.4
3' 5,340 20.6 5,380 20.3
4X 4,700 20.5 4,670 21.4
5X 4,330 17.37 4,280 17.43
6X 5,640 20.8 5,460 22.0
4'X 4,440 19.10 4,590 22.60
5'X 4,060 16.35 4,070 17.25
6'X 5,080 17.25 5,070 21.45
4 4,270 20.3 4,250 18.88
5 4,200 16.63 4,240 17.90
6 4,290 19.13 4,260 18.55
4' 4,320 20.70 4,340 21.0
5' 4,170 17.94 4,320 19.65
6' 4,300 17.55 4,250 17.50
4" 4,350 15.60 4,400 15.82
5 " 4,570 15.60 4,670 16.30
6" 4,900 16.22 4,950 16.13
7 4,510 19.65 4,280 19.55
8 4,550 19.42 4,350 19.22
9 4,710 21.70 4,750 16.83
7' 4,230 15.45 4,320 15.32
8' 4,480 14.70 4,450 15.34
9' 4,820 15.64 4,700 15.46
DISC U SSIO N  OF RESULTS
Graphs of the variation of (N u /P r0-4) with Re for both the gas 
and water films were first made of the experimental runs (one-half 
with zero field and one-half with field applied) together with the 
corresponding standard data for the experimental apparatus com­
puted from Equations (10) and (12). This data has been read from  
the curves of Fig. 2 for both water and air.
It would be expected that the water film coefficient would check 
with the standard data but the percentage difference was high. Upon 
reference to the original source of standard data, S till21, it  was 
found that an entirely different method of obtaining the film co­
efficients was employed. He observed from Equation (11) that with  
constant temperature the value of h depended entirely upon G. 
Upon inspection of Equation (8) for the overall heat transmission
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coefficient U, he found that the resistance to heat flow due to the 
tube wall could be computed and that the overall coefficient could 
be readily determined by experiment. Thus by holding the tem­
perature of his fluids constant and making two runs first holding 
the velocity of one fluid constant, varying the other, and measuring 
the overall coefficient; then holding the velocity of the first fluid 
constant and varying that of the second he was able to obtain two 
equations containing the two film coefficients as unknowns which 
could be solved.
In the case of the gas film it would not necessarily be expected 
that it would agree with the standard data given because the stand­
ard data were for films inside of tubes whereas the experimental 
data were for films on the outside of tubes. No standard data for 
this latter case apparently have yet been developed.
In the runs following those with the alternating current field 
about two inches of the magnesia covering on each end of the tube 
of the exchanger was removed for purposes of electrical insulation 
because the magnesia promoted the formation of corona which in­
creased the ripple in the output of the DC supply. W ith the AC 
supply the amount of corona formed was of little consequence. Thus 
in order to put all the runs on a common basis with those in which 
the exchanger was totally covered, it became necessary to apply  
corrections beginning with run No. 4.
The value of these corrections was found by plotting a “ correct”  
(with complete insulation) and an “ incorrect” (with a portion of 
the insulation removed) curve and subtracting the values of the 
two ordinates at the desired Reynolds number. The data for the 
correct curve were found by averaging the two values of N u /P r0-4 
and the two values of Re for each point of the zero voltage halves 
of runs 1, 2, 3, 1', 2', and 3'. The following points resulted for 
plotting:
A ir W ater
Re Nu/Pr0.4 . Re N u/Pr0.4
6780 57.6 4825 17.94
15,100 79.7 5440 20.5
22,400 92.3 7760 25.3
The data for the incorrect curve were found by averaging all of 
the data at approximately the same values of Reynolds number of
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the zero voltage runs* in which a part of the magnesia covering was 
removed. These averages yielded the following points for plotting :
Air Water
Re Nu/Pr0.4 Re Nu/Pr0.4
7020 53.4 4260 17.54
12,030 66.8 4448 20.0
20,200 90.7 4800 19.30
All of the averages were the arithmetic. Strictly speaking, the 
logarithmic average should have been used but for small variations 
in the value of the numbers the arithmetic average is sufficiently 
close.
COMPARISON OF AIR FILM  C O EFFIC IEN TS
Since the value of Pr is constant and the value of k practically 
so for small differentials of temperature it is permissible to speak 
of the variation of the ordinates of the curves as the variation in 
h. This is particularly true for the air film. The water film co-
Fig. 6. F ilm  Coefficient Runs (1, 2, 3, 1', 2', 3 ')
* Runs 4",5",6",7',8',9' have been excluded fo r reasons to be explained later.
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efficients were not corrected because of the uncertainty with which 
the corrections could be applied.
To gain an idea of the effect of the electrostatic fields on the air 
film coefficient and to summarize the results, the corrected graphs 
have been plotted for each type of voltage employed with the zero 
field run and the applied field run on the same sheet. In  Fig. 6 the 
results of the runs with the AC field* applied is shown. Each point 
is the average of two runs. A  slight improvement is indicated at 
a Reynolds number of 15,000. The data are as follows:
Zero Field Field Applied
Re Nu/Pr0.4 Re Nu/Pr0.4 Voltage
6780 57.6 6765 55.6 26,320 AC
15,080 79.8 14,975 80.5 22,200 AC
22,400 92.4 22,300 90.2 23,480 AC
In Fig. 7 the low voltage direct current runs with a positive 
charge on the brass tube are plotted. Each point represents the 
average of 6 tests. The value of the applied voltage was about half 
that required for breakdown of the air. Relative to the previous
Fig. 7. Film  Coefficient Runs (4x, 5x, 6x, Corrected 4'x, 5'x, 6'x)
* Ju s t below the point of arcing.
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type of field employed a greater and more consistent improvement 
is herein indicated. The data for the curves are as follows:
Zero Field Field Applied
Re Nu/Pr0.4 Re Nu/Pr0.4 Voltage
6880 58.0 6860 63.4 +23,600 DC
12,000 71.9 12,000 74.4 +23,600 DC
20,600 95.2 20,700 100.4 +20,400 DC
A t a Reynolds number of about 6870 the percentage increase is 
about 6.8%.
In Fig. 8, the high voltage direct current field runs are plotted. 
Each point is the average of 6 tests. The positive charge was on 
the brass tube and the value of the impressed potential was near 
the breakdown point of the air. Here slight improvements were 
again shown in the center of the range of Reynolds number. It is 
greater than for the AC runs but less than for the preceding low 
voltage DC run. The data for these points are as fo llow s:
Fig. 8. Film Coefficient Runs 4, 5, 6, 4', 5', 6', 4", 5", 6"
** +  Indicates positive charge on brass tube.
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Zero Field Field Applied
Re Nu/Pr0.4 Re Nu/Pr0.4 Y oltage
6960 52.9 6950 51.8 +40,500 DC
12,060 66.4 12,070 70.6 +  38,500 DC
19,920 92.3 19,930 92.2 +  39,600 DC
In runs 7,8,9 and 7',8',9' the apparatus was beginning to become 
faulty and there was a large inconsistency between the two groups 
of runs. Runs 4",5", and 6" followed these runs and for this reason 
were excluded from the average for the first correction curve. The 
failure was due to voltage breakdown through the glass tubing 
which shattered the wall at several points along its length. The 
tube was repaired with porcelain cement and the ends exposed by 
the removal of the magnesia covering were wrapped with a layer 
of asbestos sheet.
It was obvious that the heat transmission characteristics were 
altered between the group of runs 7,8,9, and the group 7',8',9' but 
there was no change in the characteristics between successive halves 
of each run. This was indicated by the consistency of the results 
from one half to the next.
A separate correction graph for these runs was plotted, using
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the same data for the correct curve as were used previously. The 
data for the incorrect curve are the averages of the zero voltage 
runs of 7,8,9, and 7',8',9'. The data for these curves are as fo llow s:
Correct Curve Incorrect Curve
Re Nu/Pr0.4 Re Nu/Pr0.4 Voltage
6780 57.6 7330 47.4 0
15,080 79.8 12,150 62.1 0
22,400 92.4 19,950 75.6 0
From the corrected graph for the zero voltage the following
values were obtained: For plotting Fig. 9.
Zero Voltage Voltage Applied
Re Nu/Pr0.4 Re Nu/Pr0.4 Voltage
6780 57.6 7325 61.2 -41 ,600  DC
15,080 79.8 12,125 74.4 -38 ,800  DC
22,400 92.4 19,940 90.9 -41,000 DC
It is seen that the curve for the case of the applied voltage is again
a little higher than that for the zero field.
In Fig. 10 all of the runs with D.C. fields (4X, 4'X, 4, 4', 7) 
applied have been plotted. Each point is the average of all the
Pig. 10. Film  Coefficients, All Runs Corrected
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points for the same approximate Reynolds number. Here again the 
slight improvement can be noted. The data for these curves are
as follows:
Zero Field Field Applied
Re Nu/Pr0.4 Re Nu/Pr0.4 Voltage
7020 53.4 7000 60.8 *34,500 DC
12,030 66.8 12,020 75.6 32,200 DC
20,200 90.7 20,250 91.5 33,000 DC
LIMIT OP ERROR
The minimum experimental error in measurement was fixed by 
the temperature rise in the water. In the range of water temper­
atures the potentiometer would measure to plus or minus 0.25 de­
grees. For a 5° rise this meant an error of 5%. For a 10° rise the 
error would be cut in half or would be 2.5%.
CONCLUSION
There was a consistent slight improvement (up to 13%) of the 
film coefficient for air with the three types of applied electrostatic 
fields. Although the possible error in some of the runs was largely 
due to a small temperature rise in the water, it was possible with 
a sufficient number of runs to draw a correct conclusion regarding 
the trend.
It seems that the actual facts are quite in agreement with the 
theories of Polanyi and others who believe that the binding forces 
in adsorption phenomena are due only to a small extent to the 
forces of electrostatic attraction.
A  logical consistent explanation of the observed facts is that the 
binding forces that are due to electrostatic attraction must be both 
positive and negative.
* +  and — voltages have been averaged together as i f  they were all +  so 
the field whether +  or — cannot be specified.
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